Background: Anterior cruciate ligament (ACL) graft rupture occurs at a high rate, especially in young athletes. The geometries of the tibial plateau and femoral intercondylar notch are risk factors for first-time ACL injury; however, little is known about the relationship between these geometries and risk of ACL graft rupture.
decreased femoral intercondylar notch width, increased posterior-inferior-directed slope of the tibial articular cartilage surface and subchondral bone, decreased ACL volume, and decreased tibial spine volume.
{ Notably, these geometric factors appear to be different between males and females. 45 Although risk factors for first-time ACL injury have been identified, risk factors for ACL graft injury have not been as thoroughly investigated.
Thus far, much of the previous work that has focused on identifying the risk factors for ACL graft rupture has been based on descriptive epidemiology. 7, 20, 23, 25, 28, 38, 39, 55 One of the risk factors for ACL graft rupture is younger age at the time of ACL injury. 13, 20, 23, 39, 55 Related to this is the finding that increased activity level and return to sport have also been reported as risk factors for ACL graft injury. 23, 55 Age as a risk factor represents a cause for concern as the population at greatest risk for first-time ACL injury is composed of young athletes. 18 Several studies have identified that male subjects undergo a higher rate of revision ACLR than do females. 25, 28, 39, 49 In addition, a family history of ACL injury may double the risk of ACL graft rupture. 7, 55 Geometric characteristics of the knee associated with ACL graft injury have been the subject of far less study. Wolf et al 57 measured the outlet of the femoral intercondylar notch intraoperatively using a handheld caliper and found that the femoral outlet width was not associated with risk of ACL graft failure. However, magnetic resonance imaging (MRI)-based measurements of the geometry of the femoral intercondylar notch have been shown to be associated with increased risk of suffering a firsttime ACL injury. 12, 41, 56 MRI may serve as a more precise and reproducible method of evaluating the intercondylar notch geometry. Webb et al 54 found that subjects suffering a contralateral ACL or ipsilateral graft injury after ACLR were more likely to have an increased posterior-inferiordirected tibial plateau slope in the lateral compartment than were those who did not suffer a reinjury. However, there was no significant difference when ACL graft ruptures were analyzed as a group distinct from contralateral injuries. Using MRI data, Christensen et al 10 found that an increased posterior-inferior-directed tibial plateau slope in the lateral compartment was a risk factor for ACL graft injury in a combined male and female and a female-specific analysis of subjects within 2 years after ACLR.
To our knowledge, no study has determined the comprehensive characteristics of knee joint geometry that are predictive of the risk of ACL graft rupture. As such, the purpose of this investigation was to determine the geometric factors associated with the risk of ACL graft rupture. We hypothesized that the risk factors for noncontact ACL graft rupture would be similar to those previously identified for first-time ACL injury, specifically a decreased femoral notch width and an increased posterior-inferiordirected lateral tibial plateau slope. We also hypothesized that the risk factors for ACL graft injury would differ between males and females.
METHODS

Human Subjects
This study used a subset of data from a larger, institutional review board-approved investigation that identified firsttime noncontact ACL injuries in high school and college athletes over a 4-year time interval. 3, 5, 40, [44] [45] [46] 52, 56 Written informed consent was obtained from all subjects before enrollment. Subjects who had sustained a noncontact (MRI and orthopaedic surgeon confirmed) grade III ACL injury during participation in a high school or college sport, and had elected to undergo surgical reconstruction of their ACL, were included in the current study. Cases of ACL graft rupture were defined as those suffering a noncontact, MRI-and orthopaedic surgeon-confirmed ACL graft rupture without injury to the contralateral knee. Eighty-eight first-time ACL-injured subjects who underwent ACLR were prospectively followed for up to 5.5 years after initial surgery. Contact was made with 69 subjects (78.5%); of those, 6 (8.7%) individuals suffered an ACL graft injury. Five additional athletes who participated in the same sports at the same institutions over the same 4-year time interval, but who had previously been excluded from the larger overall study of 88 first-time ACL injuries because their presenting injury was an ACL graft rupture, were added to the current study. This produced a total of 11 subjects (5 female and 6 male) who suffered ACL graft rupture over the study interval. From the 69 subjects with whom contact was established, 44 (25 female and 19 male) who were of similar sex, age, and weight as the ACL graft-ruptured subjects, but had not suffered a second ACL injury to either knee after primary ACLR, were selected as a comparison group (Table 1) .
Surgical Procedures
Six surgeons (5 fellowship trained in sports medicine) operating at academic, community, and private centers performed the ACLRs in the patients who eventually went on to rupture their ACL graft. The average duration of the surgeons' practice was 17.7 years (range, 4-26 years). The graft material used was bone-patellar tendon-bone (BPTB) autograft in 7 (4 male) graft ruptures, hamstring autograft in 2 ruptures (both males), BPTB allograft in 1 rupture (female), and not reported for 1 female subject (Table 1) . Of the 44 subjects who did not suffer a graft rupture, the ACLRs were performed by 4 of the 6 surgeons who had patients with ACL graft ruptures in our study, as well as 5 additional surgeons. In total, 9 orthopaedic surgeons (6 fellowship trained in sports medicine) with an average of 17.5 years (range, 4-26 years) in practice performed ACLRs in the group that did not go on to suffer ACL graft rupture. Of those subjects not suffering ACL graft rupture, BPTB autograft was used in 30 subjects (15 females), hamstring autograft was used in 6 subjects (5 females), allograft was used in 4 subjects (2 females), and the graft source could not be identified for 4 subjects (3 females). 
Surveillance and Follow-up
For the subjects in the ACL graft-ruptured group, the time to follow-up was defined as the time interval from the initial ACL injury to the time of ACL graft rupture (Table 1) . Male subjects who suffered an ACL graft rupture had an average time to graft rupture of 13.4 months (range, 7.0-33.9 months), while female ACL graft-ruptured subjects had an average time to graft rupture of 26.2 months (range, 7.3-59.0 months). Of the 11 subjects who sustained an ACL graft rupture, 9 (5 male) returned to participation in high school or college athletics and sustained the graft rupture while participating in the respective sport that produced the initial ACL injury, while the 2 other subjects who suffered ACL graft rupture remained active and sustained their ACL graft injuries during participation in other athletic activities (volleyball and basketball). The follow-up interval of the subjects who did not suffer ACL graft rupture was defined as the time interval from the initial ACL injury to survey contact (Table 1) . For males who did not suffer ACL graft rupture, the mean follow-up was 46.3 months (range, 32.5-67.3 months). Of the 19 males who did not suffer graft rupture, 11 returned to competing in their original sport, 6 returned to a different sport or were recreationally active, and 2 did not report their activity level. The mean follow-up interval for the females who did not suffer ACL graft rupture was 38.1 months (range, 23.0-59.7 months). Of those 25 female subjects, 21 returned to competing in their original sport, 2 remained active in a different sport, and 2 did not report their activity level. A summary of demographic data for all study participants is presented in Table 1 .
Data Acquisition
Bilateral MRIs were obtained on all subjects with the same Phillips Achieva TX 3-T scanner (Phillips Medical Systems). Knees were scanned with the subject supine and their knees in an extended position inside an 8-channel SENSE knee coil. Sagittal, 3-dimensional (3D), T1-weighted, fast-field echo (voxel size 0.3 mm 3 0.3 mm 3 1.2 mm) and sagittal, 3D, proton density-weighted (voxel size 0.4 mm 3 0.4 mm 3 0.7 mm) MRI sequences were used to obtain joint morphologic measurements. These DICOM images were viewed and digitized using Osirix software (Pixmeo; version 3.6.1, open source). Bone and soft tissue landmarks were manually segmented using Follow-up for graft-ruptured subjects was measured as the time interval between first-time ACL injury and graft injury. Follow-up for non-graft-ruptured subjects was measured as time from initial injury to survey contact. There was no significant difference between time to graft failure for males compared with that for females (P = .27).
a Cintiq tablet (Wacom Tech Corp) by 2 pairs of investigators; one pair completed the femoral notch measures, and the other pair made the remaining measurements. Femoral intercondylar notch segmentation was performed in the coronal oblique plane using a proton density-weighted sequence, while all other segmentation was completed in the sagittal plane of the T1-weighted sequence. Thirty-one distinct measurements were collected for the following structures: tibial spines, tibial subchondral bone, tibial articular cartilage, menisci, and femoral intercondylar notch (see the Appendix, available in the online version of this article and at http://ajsm.sagepub.com/supplemental). The measurement techniques have been previously described and shown to be reproducible (see online Appendix Table A1 for measurement descriptions and intraclass coefficient data). 3, 44, 46, 56 All data were referenced to a 3D, bone-referenced coordinate system, 3 which allowed for measurements to be made in a reliable and reproducible manner, both within and between subjects. All measurements were collected bilaterally, although comparisons between ACLinjured and ACL graft-injured subjects were made using data acquired from the uninjured knee, as prior work has shown ACL injury can produce an immediate change to certain aspects of knee geometry. For 6 of the subjects who suffered ACL graft rupture, the MRI data were acquired after the first ACL injury but before surgery. The remaining 5 subjects who suffered ACL graft ruptures were identified soon after injury to their graft, and MRI data were not available before the graft rupture. Consequently, MRI data were obtained after the graft rupture.
Statistical Methods
Cox regression analyses were conducted, modeling time to event, with each factor as an independent variable to assess its univariate association with the risk of ACL graft rupture. Separate analyses were done for males and females. Significance level alpha was set at .05 a priori for all analyses. All statistical analyses were conducted using SAS version 9.2 (SAS Institute).
RESULTS
Significant findings, including hazard ratio (HR), 95% CI, and P values, are provided in Table 2 . An analysis of all measurements, including combined male and female data, means, and SDs, may be found in the supplemental text (see Appendix Tables A2 and A3 , available online).
Male Subjects
Within male subjects, every 1-mm increase in the mediolateral distance between the peak of the lateral tibial spine and the point of maximum concavity in the lateral compartment of the tibia (Figure 1 ) was associated with a 119% increase in the risk of ACL graft rupture (HR = 2.19; P = .0004). In contrast to the female results, every 100 mm 3 increase in the medial tibial spine volume ( Figure  1 ) was associated with a 45% increased risk of ACL graft rupture (HR = 1.45; P = .01). Every 1-mm increase in the 3, 44, 46, 56 Lat, measurement in the lateral tibial compartment; LTS, lateral tibial slope; MCH, meniscus cartilage height; MCS, posterior-directed slopes in the middle segment of the tibial articular cartilage; Med, measurement in the medial tibial compartment; NS, the measurement was not significant as a first-time ACL injury risk factor; NW_AA, femoral notch width at the anterior attachment of the ACL; PCS, posterior-directed slopes in the posterior segment of the tibial articular cartilage. maximum anterior-posterior length of the medial tibial spine (Figure 1 ) was associated with a 34% increase in the risk of ACL graft rupture (HR = 1.34; P = .0023), and a 1-mm increase in the same measurement of tibial spine length in the lateral compartment (Figure 1 ) was also associated with an 18% increased risk of ACL graft rupture (HR = 1.18; P = .0005). In the lateral tibial compartment, every 1°increase in middle cartilage slope (Figure 2 ) was associated with a 50% increase in risk of ACL graft rupture (HR = 1.50; P = .029). Similarly, a 1°increase in posterior cartilage slope in the lateral compartment (Figure 2 ) was associated with a 39% increased risk of ACL graft rupture (HR = 1.39; P = .006).
Female Subjects
Within female subjects, every 1-mm increase in the distance from the cartilage surface to the maximum height of the posterior horn of the meniscus in the medial compartment ( Figure 2 ) was associated with a 91% decrease in risk of ACL graft rupture (HR = 0.09; P = .001). Likewise, an Figure 1 . Segmented data of subchondral tibial bone (light gray) and tibial spine (dark gray) of the medial and lateral tibial compartments. Tibial spine volume is the area shaded in dark gray. Tibial spine width, length, and height are depicted. The maximum (Max) concavity was determined as the point on the tibia that corresponded to the most distal point of the femur when the knee was in extension. The measurements were acquired in the same manner for the lateral and medial compartments of the tibia. increase in medial tibial spine volume of 100 mm 3 ( Figure 1 ) was associated with a 55% decrease in risk of ACL graft injury (HR = 0.45; P = .02). Similarly, a 1-mm increase in the superior-inferior height of the medial tibial spine (Figure 1 ) was associated with a 54% decrease in risk of ACL graft injury (HR = 0.46; P = .02). For measurements of tibial subchondral bone, a significant association with risk of ACL graft injury was found only among the female athletes. Every 1°increase in the posterior-inferior-directed slope of the lateral tibial compartment (Figure 2 ) was associated with a 28% decrease in risk of suffering an ACL graft injury (HR = 0.72; P = .01). A significant relationship between characteristics of the femoral intercondylar notch and risk of ACL graft injury was revealed. Every 1-mm increase in notch width at the anterior attachment of the ACL ( Figure  3 ) was associated with a 28% decrease in the risk of ACL graft rupture (HR = 0.72; P = .02).
DISCUSSION
The findings from this study support the hypothesis that the anatomic factors associated with risk of ACL graft rupture are different between males and females. However, only 2 of the anatomic risk factors associated with risk of ACL graft injury were also associated with risk of firsttime ACL injury for the female athletes: a decreased femoral intercondylar notch width and a decreased height of the posterior horn of the medial meniscus. There were no risk factors in common between ACL graft injury and first-time ACL injury for the male athletes.
For the females, the factors that were associated with increased risk of injury to both the ACL graft and the ACL included a decreased width of the femoral notch and a decreased height of the posterior horn of the medial meniscus: The former may be associated with impingement of the ACL graft against the femoral notch (as has been shown for the native ACL), 2, 16 while the latter may be associated with the observation that a smaller posterior horn of the meniscus would be less effective at resisting anterior translation of the tibia relative to the femur as described by Hudek et al. 22 In addition to these common risk factors for injury to the ACL and ACL graft, females with decreases in the height and volume of the medial tibial spine had an increased risk of ACL graft injury. A decrease in the 3D contour and distribution of the tibial spine may be associated with a decrease in resistance to the intersegmental joint loads produced by articular contact between the tibia and femur during participation in sport and activity. This may influence the magnitude of internal-external rotation and medial translation between these articular surfaces, which in turn may increase the magnitude of strain that the ACL graft is exposed to and must resist, particularly during maneuvers that create substantial loads such as planting, cutting, and pivoting. It is also important for us to point out that several studies have found that an increase in the posterior-inferior-directed slope of the lateral tibial plateau is associated with increased risk of suffering a first-time ACL injury, 3, 41, 43, 50 as well as an ACL graft injury. 10 Consequently, we hypothesized that the same relationship would exist between tibial plateau slope and risk of ACL graft injury. However, we found the opposite in the female athletes: A decreased slope was associated with increased risk of ACL graft injury. This contradictory finding may be explained by the observation that an anteriordirected slope of the tibial plateau has been associated with increased genu recurvatum, 9 a risk factor for ACL injury, 6 and has been shown to increase ACL strain values. 29 In addition, Terauchi et al 48 found that, in females, either hyperextension or posterior-directed tibial plateau slope was associated with ACL injury, but the 2 variables were inversely related. Finally, an increase in the vertical orientation of an ACL graft relative to the tibial plateau is associated with increased risk of injury to the graft, 17 and the strain produced by movement of the knee into hyperextension would likely be greater for a vertically oriented ACL graft compared with a graft that is oriented more horizontally; however, we are unaware of a study analyzing this relationship. We are aware of the work of Thompson et al, 49 who found an increased rate of ACL graft rupture in subjects who had a graft oriented more vertically relative to subjects who did not go on to suffer a graft rupture. This observation leads us to theorize that the decreased posterior-inferior-directed slope in the female athletes who suffered ACL graft injury could be associated with increased knee hyperextension, thereby increasing strain across the ACL graft, especially if the graft is oriented vertically.
The males were found to have a distinct set of risk factors based on the geometry of the articular surfaces and spines of the tibial plateau. Increased posterior-inferiordirected slope of the middle and posterior regions of lateral tibial articular cartilage was associated with increased risk of ACL graft injury, and these findings were consistent with the literature concerning first-time ACL injury in females. 46 It is likely that the mechanism associated with increased posterior-inferior-directed slope of the lateral tibial cartilage and risk of graft injury is the same as that proposed for first-time ACL injury 26, 31 : Increased lateral tibial cartilage slope is associated with increased magnitude of the anterior-directed intersegmental load across the tibia relative to the femur, which increases the strain values on the ACL graft during participation in sport. With regard to the tibial spines, increases in the volume and anteroposterior length of the medial tibial spine were associated with increased risk of graft rupture in the male athletes. We expected the opposite relationship, as described above for the females, and consequently it is difficult to provide an explanation for this finding. Finally, we found that an increased mediolateral width of the lateral tibial spine was associated with an increased risk of ACL graft rupture. The mechanism by which this relationship works may be explained by the fact that an increased mediolateral width produces a greater moment arm, which may produce greater magnitudes of intersegmental internal-external torques across the tibiofemoral joint during activities associated with plant, cut, and pivot sports.
Several studies have reported that risk factors for a first-time ACL injury differ between males and females. 3, [44] [45] [46] 56 The current study produced a similar finding. Differences in ACL graft rupture rates between males and females 25, 28 may be explained by geometric differences in knee anatomy between sexes. Other work has found that the position of the knee at the time of noncontact, first-time ACL injury differs for males and females. 24 This may also hold true for ACL graft injury and, thus, supports some of the differences found between males and females regarding geometric risk factors. Future studies designed to study the risk factors associated with repeated ACL injury should consider conducting sexspecific analyses.
Our study has several strengths, including the fact that no previous study, to our knowledge, has prospectively identified a comprehensive set of geometric risk factors for ACL graft rupture using MRI data. The use of a 3D coordinate system located within bone with a reliable approach resolves positional tibiofemoral variability at the time of MRI acquisition, thus standardizing the measurements. This approach is supported by the work of Feucht et al, 14 which indicated the need for a comprehensive 3D analysis of the tibia to assess risk of ACL injury. In addition, the entry criteria used for this investigation were stringent, as we excluded all partial ACL graft tears and necessitated a noncontact mechanism of index ACL injury and repeated ACL graft injuries coupled with continued involvement in athletics. We controlled for the risk of sustaining a firsttime injury because all subjects sustained at least 1 ACL injury. The athletes who did not experience an ACL graft rupture were similar in age and weight in comparison with those who suffered graft rupture and participated in many of the same sports that produced the injuries, making our study population very homogeneous.
Some of our findings may be difficult to explain using the current understanding of ACL biomechanics because knee mechanics change after ACL injury and reconstruction. Increased external tibial rotation has been observed when performing jumping, landing, and pivoting after ACLR, 37 as well as increased anterior tibial translation relative to the femur. 4, 47 Therefore, the geometry of the knee may have a different effect on its biomechanical behavior during high-energy tasks in a joint with a reconstructed ACL compared with a joint with a normal ACL. Further study is required to identify how these changes may be related to, and be affected by, joint geometry.
The variability in the surgical procedure and surgeon experience was associated with strengths and limitations of this study. Only 1 surgeon had less than 14 years of experience, only 1 surgeon without sports medicine fellowship training performed an ACLR that resulted in graft rupture, and a variety of graft materials were used. While this makes our work more generalizable to all athletes at risk for suffering ACL graft injury, the sample size was not large enough to allow us to conduct subgroup analyses based on graft material, extent of surgeon training, and the years of experience associated with ACLR. The small sample size limited our statistical power to identify risk factors; however, the motivation for this work was hypothesis generating. A design limitation was the use of the contralateral knee as a surrogate for the injured knee; this approach was chosen because ACL injury changes some aspects of knee geometry. 3, 36, 46 The effect of the injury and ACLR on the geometry of the femoral notch and tibial spines may have been significant and may have important implications for the risk of ACL graft injury. In addition, it is possible that altered gait mechanics of the injured knee may have affected the underlying geometry and biomechanics of the contralateral healthy knee, 21 and vice versa. This issue is of concern because some MRIs were acquired before graft injury and some afterwards. However, we found no evidence of differences in either the means or the variability of measurements made in the contralateral knee of subjects with graft injuries based on when the MRI was obtained. We also repeated the analyses with an indicator variable to control for the timing of the MRI and obtained similar results to the unadjusted analyses, further indicating that any changes to the geometry of the contralateral knee between initial injury and graft rupture did not greatly influence the results. Another limitation was our inability to account for the possible role of surgical technique, specifically tunnel malposition, 17 as a cause of graft failure rather than graft rupture produced by a mechanism similar to that of a first-time ACL injury. Unfortunately, neither bone tunnel position data nor knee laxity data after surgery were available to us for this study. However, work by Matava et al 30 demonstrated that 10 orthopaedic surgeons reviewing 20 cases of revision ACLR were unable to agree whether the cause of graft failure was due to malpositioning of the graft or by other mechanisms. Therefore, even if we had intraoperative and/or radiographic data on bone tunnel location, it is unclear if we would have the ability to establish the cause of graft failure. ACL graft rupture is a multifactorial problem, and the relative contributions of the many variables (intrinsic and extrinsic factors and surgical and rehabilitative strategies) are not known. Because graft failure due to graft malposition or poor tissue integration may occur by a different mechanism, we excluded any ACL injury occurring within 6 months after ACLR and required a noncontact mechanism of injury for both the ACL and ACL graft injury. Finally, we were unable to control for differences in rehabilitation protocols, which may influence risk of graft rupture. Our exclusion of graft injuries occurring less than 6 months after ACLR may help to account for this, as does the fact that differences in accelerated versus nonaccelerated rehabilitation have not been shown to alter anterior-posterior knee laxity during healing. 4 However, future studies should attempt to standardize and monitor return to sport protocols to account for this potential confounder.
An important goal of identifying risk factors for ACL graft rupture is to decrease its incidence, and recent work has advocated for this. 33 Armed with this knowledge, clinicians may be able to better counsel those considering ACLR by giving an individualized risk assessment. Given that MRI is routinely acquired after first-time ACL injury, the ability to screen for these risk factors is much more practical compared with screening for first-time ACL injury. Second, risk factor identification may help shape an individualized rehabilitation plan. Third, identification of risk factors could drive surgical modification to compensate for these risk-associated geometries. For example, Sonnery-Cottet et al 42 have used proximal tibial anterior closing-wedge angle osteotomies in 5 subjects (4 males) undergoing a third ipsilateral ACLR to decrease posterior-inferior-directed slope of the tibial plateau. There was no recurrence of ACL injury after follow-up of 23 to 45 months. Similar results were reported by Dejour et al 11 in a group of 6 males and 3 females. Given the significance of the posterior-inferior-directed cartilage slope found in male athletes in our study, we believe this serves as an example of how risk factor identification can be used to help reduce reinjury rates through counseling and surgical intervention.
CONCLUSION
This study is the first to develop a model inclusive of multiple geometric factors associated with the risk of ACL graft rupture. Medial tibial spine volume, the geometry of the medial and lateral tibial spines, the slope of the tibial subchondral bone and cartilage in the lateral compartment, the height of the posterior horn of the medial meniscus, and the geometry of the intercondylar notch all produced significant results in sex-specific analyses. Several results reflected those found regarding first-time ACL injury risk factors, while others indicated that there are differences between the risk factors for ACL graft rupture and those for first-time ACL injury. We demonstrated that geometric risk factors for ACL graft injury are different for males and females. The current investigation provides a starting point, and future work is warranted on a larger scale to help describe the full context of ACL graft rupture risk factors with the goal of reducing the incidence of reinjury through a multidisciplinary approach.
